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[1] During the Department of Energy’s Atmospheric Radiation Measurement Program’s
Mixed-Phase Arctic Cloud Experiment (M-PACE) in fall 2004, the University of North
Dakota Citation measured 53 profiles within single-layer stratus clouds by executing spiral
ascents and descents over Barrow and Oliktok Point, Alaska, and by flying ramped ascents
and descents between. Cloud phase was identified from an algorithm that uses voltage
change from the Rosemount ice detector, the size distribution (SD) shape measured by the
Forward Scattering Spectrometer Probe (FSSP), and manual identification of particles
imaged by the Cloud Particle Imager, the two-dimensional cloud probe (2DC) and the
high-volume precipitation sampler (HVPS). Size and mass distribution functions were
derived using data from the FSSP, one-dimensional cloud probe, 2DC and HVPS in
conjunction with total water content (TWC) measured by the Counterflow Virtual
Impactor. With clouds defined as locations where TWC > 0.001 g m�3, there were a total
of 513 30-s averaged SDs in single-layer clouds, of which 71% were in mixed-phase
parcels, 23% in ice-phase and 6% in liquid-phase. The mixed-phase parcels were
dominated by contributions from liquid drops, with the liquid mass fraction fl having
averages and standard deviations of 0.89 ± 0.18 with 75% of cases having fl > 0.9. For
these single-layer clouds, fl increased with normalized cloud altitude zn, defined as linearly
increasing from 0 at cloud base to 1 at cloud top with fl averaging 0.96 ± 0.13 near
zn = 1 and 0.70 ± 0.30 near zn = 0. The effective radius of water droplets rew increased
with zn, from an average of 6.9 ± 1.8 mm near zn = 0 to 11.4 ± 2.4 mm near zn = 1, whereas
the effective radius of ice crystals rei (25.2 ± 3.9 mm) was nearly independent of zn. The
averaged cloud droplet number concentration and concentrations of ice crystals with
maximum dimensions greater than 53 mm were 43.6 ± 30.5 � 103 L�1 and 2.8 ± 6.9 L�1,
respectively, and nearly independent of zn. In contrast to past measurements in mixed-
phase clouds combined from many geographical locations where fl increased with
temperature, fl decreased from �12� to �3�C as clouds typically consisted of a liquid
topped layer with precipitating ice below.
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1. Introduction

[2] Large atmospheric, oceanic and terrestrial changes are
occurring in the Arctic [Vorosmarty et al., 2002] yet

complex interactions between sea ice, snow cover, clouds,
the ocean and atmosphere are not well understood. Such
interactions must be better characterized before disagree-
ments between general circulation model (GCM) simula-
tions [e.g., Lane et al., 2001] can be reduced, and
predictions of climate change refined. Unlike clouds in
other regions, arctic clouds have a net warming effect on
the surface over the course of a year [Zhang et al., 1996;
Walsh and Chapman, 1998; Intrieri et al., 2002b]. Further,
the surface energy budget is sensitive to cloud properties.
Curry and Ebert [1992] showed that the energy received at
the surface could vary by 50 W m�2 when the effective
radius of liquid cloud drops rew was changed by 50%, and
Harrington and Olsson [2001] showed changes of up to
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80 W m�2 due to changes in the effective radius of ice
crystals rei. Ebert and Curry [1993] also showed that the
equilibrium sea ice thickness was sensitive to changes in
downward longwave and shortwave radiative fluxes that
depend on cloud properties.
[3] Retrieval techniques for all-ice and all-liquid clouds

during the Surface Heat Budget of the Arctic Experiment
(SHEBA [Curry et al., 2000]) could be used only 34% of
the time, suggesting mixed-phase or overlapping clouds
were present at other times [Shupe et al., 2001]. Mixed-
phase clouds are prevalent in arctic transition seasons
[Intrieri et al., 2002a], especially during the fall over
Barrow at the Atmospheric Radiation Measurement
(ARM) Program’s North Slope of Alaska (NSA) site [Wang
et al., 2005; Shupe et al., 2005]. These clouds are radia-
tively significant [Dong et al., 2001; Dong and Mace, 2003;
Zuidema et al., 2005] and hence important for cloud feed-
backs on other processes.
[4] Hobbs and Rangno [1998] showed that many arctic

mixed-phase clouds have liquid tops precipitating ice, yet
persist for long periods of time. Modeling studies suggest
that they persist because of a balance between cloud top
radiative cooling, microphysical heating, ice sedimentation
and large-scale forcing [Pinto, 1998; Harrington et al.,
1999], a balance that depends on assumptions about ice
crystal fall speeds, concentrations of ice nuclei, primary and
secondary ice nucleation mechanisms and large-scale forc-
ings [e.g., Jiang et al., 2000; Harrington and Olsson, 2001;
Lohmann, 2002; Morrison et al., 2003].
[5] To evaluate model simulations and to develop model

parameterization schemes for terminal fall speeds [e.g.,
Heymsfield et al., 2002] and single-scattering properties
[e.g., McFarquhar and Cober, 2004], observations of size,
shape and phase distributions of hydrometeors are required.
These distributions are also used to evaluate model assump-
tions about ice nucleation mechanisms, terminal fall speeds
and riming collection efficiencies [e.g., Harrington et al.,
1999; Girard and Curry, 2001; Khvorostyanov et al., 2001;
Morrison et al., 2003, 2005a, 2005b; Carrio et al., 2005].
Observations of ice crystal shapes [e.g., Korolev et al.,
1999] and effective sizes [e.g., Boudala et al., 2002], and of
water droplet concentrations and sizes [e.g., Tsay and
Jayaweera, 1984] are also critical for determining how
clouds impact radiation [Zhang et al., 1996] and for
developing and evaluating remote sensing retrieval schemes
[Platnick et al., 2001; Hobbs et al., 2001; Frisch et al.,
2002; Shupe et al., 2005; Hogan et al., 2006].
[6] GCM simulations are sensitive to the manner in

which the fraction of liquid water (fl = LWC/TWC, where
LWC is the liquid water content) is parameterized as a
function of temperature. Gregory and Morris [1996] and Li
and Le Treut [1992] showed modeled fields changed
significantly depending on the temperatures over which
mixed-phase clouds were assumed to exist. Smith [1990],
Moss and Johnson [1994], Bower et al. [1996] and Boudala
et al. [2004] have all developed relationships for fl in terms
of temperature (T) and/or total water content (TWC), but it
is not known how well these schemes, based on observa-
tions in mixed-phase clouds from a variety of formation
mechanisms and meteorological regimes, represent Arctic
conditions.

[7] Recent observations of fl in mixed-phase clouds
[Cober et al., 2001; Korolev et al., 2003] on horizontal
scales of 2 to 10 km show that the fl frequency distribution
is peaked at values close to 0 and 1, with values near
0.5 occurring infrequently. For arctic stratus, Dong and
Mace [2003] and Zuidema et al. [2005] showed that liquid
dominates the mass contents and hence the radiative proper-
ties. However, because the manner in which ice and water are
partitioned has significant impacts on radiative transfer and
on vertical profiles of cloud heating [Sun and Shine, 1994;
Rotstayn et al., 2000], even in arctic clouds [McFarquhar
and Cober, 2004], further observations of the frequency
distributions of fl and of the microphysical structure of
mixed-phase clouds are clearly needed.
[8] Prior in situ observations of arctic mixed-phase clouds

have shown liquid-topped clouds with precipitating ice
beneath [Hobbs and Rangno, 1998]. Further, Lawson et
al. [2001] noted striking variability in hydrometeor fields on
a horizontal scale of 10 km and a vertical scale of 100 m,
and Rangno and Hobbs [2001] noted that high ice particle
concentrations in supercooled clouds might be explained by
the fragmentation of delicate ice and the shattering of some
drops during freezing in free fall. Observations of mixed-
phase clouds in other geographic regions include those of
Field et al. [2004], Fleishauer et al. [2002], Heymsfield
[1993] and Borovikov et al. [1963]. Cloud measurements
collected during the September–October 2004 Mixed-Phase
Arctic Cloud Experiment (M-PACE) [Verlinde et al., 2007],
when the University of North Dakota Citation flew nearly
100 vertical profiles through arctic boundary layer stratus,
give the most complete set of observations on the vertical
structure of arctic stratus thus far obtained. Of these profiles,
the 53 flown through single-layer stratus clouds are ana-
lyzed in this paper. The dependence of ice water content
(IWC), liquid water content (LWC), TWC, fl, rew, rei, Ni and
Nw on T and altitude (z) are determined and compared
against a parameterization of Boudala et al. [2004] devel-
oped using a larger data set of mixed-phase clouds from a
variety of locations.

2. Instrumentation and Data Processing

2.1. Available Instrumentation

[9] During M-PACE the University of North Dakota
(UND) Citation was equipped with a Particle Measuring
Systems (PMS) forward scattering spectrometer probe
(FSSP) sizing particles with maximum dimension D (de-
fined as maximum particle size in any direction) between
0.003 and 0.053 mm (3 to 53 mm), a PMS one-dimensional
cloud probe (1DC) for 0.02 < D < 0.62 mm, a PMS two-
dimensional cloud probe (2DC), nominally for 0.03 < D <
0.96 mm, and a high-volume precipitation sampler (HVPS)
for 0.4 < D < 40 mm. Data were acquired using a Science
Engineering Associates data system. The size distributions
(SDs) were calculated using software designed by William
Hall at the National Center for Atmospheric Research and
subsequently modified at Illinois [McFarquhar et al.,
2007a]. High-resolution (2.3 mm) particle images were
acquired with a Cloud Particle Imager (CPI).
[10] The Citation was also equipped with a Counterflow

Virtual Impactor (CVI) that provided bulk measures of
TWC greater than 1 mg m�3 by evaporating particles with
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D > 5 mm in dry air and measuring the resulting vapor using
a tunable diode laser absorption hygrometer [Twohy et al.,
2003]. The CVI TWCs are estimated to have an accuracy of
approximately 15% (G. Kok, personal communication,
2007). A hysteresis effect observed in cirrus measurements
in past campaigns was not as much of a problem for M-
PACE because of the higher pressures and TWC where the
measurements were made. A Rosemount Icing Detector
(RICE) detected the presence of supercooled water through
voltage changes induced by water freezing on and changing
a cylinder’s vibration frequency. The King probe provides
bulk measures of LWC within 15% [King et al., 1985] and
‘‘responds partially to some ice particles’’ [Feind et al.,
2000], but this should have minimal impact on the measured
LWCs because arctic mixed-phase clouds are mainly com-
posed of water. Except for a flight on 9 October 2004 when
the tunable diode laser on the CVI did not initialize and
flights before 10 October 2004 when the HVPS did not
record data, all microphysical probes worked well through-
out the experiment.
[11] Strapp et al. [2003] showed that the King probe

measured LWCs of between 70% and 45% of the actual
value for median volume diameters between 50 and 200 mm
during wind tunnel tests. Twohy et al. [2003] also showed
that the CVI could underestimate LWC for mean volume
diameters smaller than 30 mm. To assess probe performance
and to determine if either probe misses more small droplets,
the bulk LWC from the King probe and CVI were compared
for times without significant drizzle or ice, defined as when
no ice was seen in the 2DC and CPI images and 2DC
concentrations were less than 0.1 l�1. The average differ-
ence between the King probe and CVI was 7.2%, less than
the measurement uncertainties. Further, for bulk LWC >
0.2 g m�3 (LWC < 0.2 g m�3), the LWC calculated from the
FSSP SDs was on average 25% (9%) and 29% (21%) less
than that from the King probe and CVI, with the greater
difference at higher LWCs possibly caused by coincident or
dead-time loses on the FSSP.

[12] Other data collected by the Citation include the
temperature measured by a Rosemount 102 total tempera-
ture sensor, the total pressure measured by a Rosemount
1201F1 probe and the altitude, latitude and longitude
measured by an Applanix position and orientation system.
A broken wire inside the pylon leading to the temperature
probe could not be fixed during M-PACE, preventing it
from properly deicing. Hence observations of T were
unreliable for later parts of flights. For 11.1 hours of flight
time profiling single-layer and multilayer clouds, 6.1 hours
of T data, corresponding to 64 of the 99 profiles could not
be recovered. Of the 99 profiles, 53 were flown through
single-layer stratus.
[13] Temperature (T) data were available from at least one

spiral on each date. Thus relationships between pressure (P)
and T derived from early parts of flights could be applied to
estimate T in later parts of flights. Figure 1 shows the mean
and standard deviation (s) of T as a function of P using data
from 8 spirals over Oliktok Point with useable T data on the
second 10 October flight. The s of T averaged over all
height levels was 0.6�C with a maximum of 0.7�C, showing
that the variation in T between spirals on a given day at a
specific location was comparable to the 0.5�C accuracy of
the probe. The solid line represents the sounding released on
10 October 2300 GMT over Oliktok Point. With the
exception of a 1.2�C difference between the rawinsonde
and aircraft T at 868 mbar caused by an 8 mbar difference in
the inversion height, differences are less than the 0.5�C
accuracy of the probe. For spirals conducted over Barrow
on 9October between 2155 and 2207UTC and on 10October
between 0108 and 0159 UTC, no T data were obtained by the
Citation. Hence relationships between P and T derived from
soundings released at Barrow at 2300 UTC were used to
predict T at the aircraft location.

2.2. Phase, Size, and Habit Distributions

[14] Data from all in-cloud penetrations were analyzed to
identify cloud phase and SDs using techniques based on
Cober et al. [2001] and McFarquhar and Cober [2004].
Figure 2 summarizes the algorithm used to identify phase as
ice, liquid or mixed, where mixed-phase means both ice and
liquid were detected in the same 30-s interval,
corresponding to horizontal distances of approximately
2.5 km and vertical distances <100 m. Information used
by the algorithm include the following: the magnitude of the
voltage change observed by the RICE, where voltage
changes of 2 mV s�1 correspond to supercooled water
[Cober et al., 2001]; visual inspection of particle images
from the 2DC, HVPS and CPI where nonspherical particles
correspond to ice; and the shape of the FSSP SD, where a
strongly peaked distribution between 5 and 20 mm corre-
sponds to water droplets and a broader distribution to ice
[McFarquhar and Cober, 2004]. For times corresponding to
the vertical profiling of single-layer boundary layer clouds
discussed here, 71% of the 30-s averaged cloud observa-
tions with TWC > 0.001 g m�3 were mixed-phase, 23% ice-
phase and 6% liquid-phase. When defining cloud as points
where TWC > 0.005 g m�3, 74% of the distributions were
mixed-phase, 20% ice-phase and 6% liquid-phase, repre-
senting only a minor difference.
[15] The FSSP, 1DC, 2DC and HVPS gave SDs over a

continuous range of sizes. Particles smaller than 0.125 mm

Figure 1. Mean T and P derived using aircraft tempera-
ture/pressure probes from spirals over Oliktok Point on
10 October between 2120 and 2250 UTC. Dashed line
represents one standard deviation above and below the
mean based on 8 spirals for which the temperature probe
worked. Solid line represents profile measured by sounding
released from Oliktok Point at 2300 UTC.
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measured by the 2DC are not used in this study because
previous studies have suggested there are problems quanti-
fying their concentrations with the 2DC [Baumgardner and
Korolev, 1997; Strapp et al., 2001]. For the overlap region
of 1.3 to 1.5 mm where both the 2DC and HVPS registered
enough counts to give 10% uncertainty in the number
distribution function N(D), N(D) for the HVPS agreed
within 69% of the 2DC. For flights before 10 October
when the HVPS did not work, particles with D > 1.3 mm
needed to be included in the SDs for accurate estimates of
TWC. Using the average SD measured by the 2DC and
HVPS on 12 October, Figure 3 shows the normalized

cumulative mass distribution as a function of D. Crystals
with D > 1.3 mm contributed 92% and 89% to the
calculated TWC using mass calculation techniques of
Brown and Francis [1995] and Heymsfield et al. [2002],
respectively. Appendix A describes a technique for includ-
ing crystals with D > 1.3 mm in the SDs when HVPS data
are not available by extending fits to the 2DC SDs to larger
sizes.
[16] The 2DC and HVPS data were computed at 10-s

resolution, but subsequently averaged to 30-s to ensure
adequate statistical sampling while still allowing reasonable
temporal resolution. Following Hallett [2003], Figure 4

Figure 2. Algorithm used to identify the phase (ice-, liquid- or mixed-phase cloud) of each 30-s period
of in situ data. Images from CPI, HVPS and 2DC were manually inspected for each 30-s period to
reconfirm classifications or to further segregate water clouds into drizzle and nondrizzle cases.

Figure 3. Normalized mass distribution function as a function of D for average SD measured on
12 October using 2DC and HVPS data. Line types in legend give m-D [Brown and Francis, 1995] or
m-D-AR [Heymsfield et al., 2002] relation used to calculate mass from measured crystals.
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shows uncertainties in N(D) for a 30-s SD and the distance
the Citations would have had to travel to sample 100 ± 10
particles in each size bin near the cloud base of 900 m for
the 10 October flight at 223900 UTC. The FSSP and 1DC
distributions were analyzed at 10-s resolution because there
was adequate statistical sampling at this resolution. The
methodology for deriving the number distribution function
of water drops, Nw(D), and of ice crystals, Ni(D) from the
FSSP, 1DC, 2DC and HVPS data is discussed below.
[17] For liquid phase clouds, the SDs of the FSSP (3 to

53 mm) were simply combined with those of the 1DC (53
to 125 mm), 2DC (125 to 1000 mm) and HVPS (1000 mm
to 4 cm) to cover the complete particle size range. For
mixed-phase clouds, particle morphology was used to iden-
tify size ranges that corresponded to ice crystals and water
drops. The area ratio (AR), the projected area of a particle
divided by the area of a circumscribed circle (equation (1))
[McFarquhar and Heymsfield, 1996], gives an indication of
particle phase. Most liquid particles have AR > 0.8, but some
ice crystals also have AR > 0.8 because of their shape or
orientation when imaged. Thus the AR of an individual
particle does not determine its phase. However, AR statistics
can be used to suggest whether particles in specific size
ranges are predominantly water or ice. For example, CPI
images of particles with D > 0.125 mm have average AR of
0.45 ± 0.15 in ice-phase clouds and 0.48 ± 0.21 in mixed-
phase clouds, with only 41 of 388 particles having AR > 0.8
in mixed-phase conditions. A Mann-Whitney U test shows
that these mean AR are identical at a 93% confidence level.
Hence particles with D > 0.125 mm were assumed to be ice
consistent withMcFarquhar and Cober [2004]. Because the
supersaturation with respect to ice is higher than that with
respect to water, it is reasonable that larger particles were ice
that grew at the expense of supercooled drops.

[18] Figure 5 shows the average SDs measured in
single-layer clouds in conditions identified as mixed-phase,
ice-phase and liquid-phase. The HVPS curve includes
contributions from the 2DC extensions for flights on
9 October and 10 October (first flight). Figure 5 shows that
FSSP SDs under mixed-phase conditions peaked at D =
20 mm, just like the FSSP SDs in liquid-phase conditions.
On the other hand, FSSP SDs for ice phase conditions
did not exhibit these peaks and were flatter. These results
indicate that the smaller particles in mixed-phase clouds
were most likely supercooled water, which is the same as
the McFarquhar and Cober [2004] study. Thus it was
assumed that the mixed-phase FSSP SDs represented
supercooled water droplets for 3 < D < 53 mm.
[19] To determine the phase of particles with D > 53 mm,

a habit identification scheme was applied to the CPI images.
Of the 285 30-s mixed-phase time periods, only 18% had at
least a single particle between 0.053 < D < 0.125 mm that
was clearly spherical and drizzle; only 19% had a particle
between 0.053 < D < 0.512 mm that was drizzle. There
were typically nonspherical particles between 0.053 < D <
0.125 mm, suggesting many particles in this size range were
ice. When the morphology of the CPI images was exam-
ined, the AR of particles with 0.053 < D < 0.125 mm
averaged 0.85 for the drizzle time periods compared to 0.75
for other periods. Thus 1DC particles with 0.053 < D <
0.125 mm were assumed to be ice when drizzle was not
present; otherwise, they were assumed to be liquid drops.
[20] For ice clouds, the ability of the FSSP to measure ice

crystal SDs has not been well established [Gardiner and
Hallett, 1985; Field et al., 2003; McFarquhar et al., 2007b]
and there is some evidence that large ice crystals shatter on
the protruding airflow shrouds of the FSSP generating
artificially high counts of small crystals. The FSSP SDs
for ice-phase conditions were flat in Figure 5, consistent

Figure 4. N(D) measured by 2DC (D < 1.3 mm) and by HVPS (D > 1.3 mm) against D for size
distribution averaged over all time periods in cloud for 10 October. Vertical error bars represent
uncertainty in N(D), where lines run between N(D) calculated using N ± N1/2 where N is the average
number of particles measured in each size bin over 30-s period. Horizontal bars represent distance that
UND Citation would have to travel to get 10% uncertainty in derived N(D), that is to sample 100 particles
in the given size bin (horizontal axis corresponding to distance embedded in top right part of figure).
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with previous observations in ice. To account for the
uncertainty in the SDs of small crystals, two different
representations were used with the FSSP SD regarded as
an upper bound [McFarquhar et al., 2003] and a SD
assuming N(D) = 0 for D < 53 mm regarded as a lower
bound. Field et al. [2006] also showed that observations
from two-dimensional probes could be affected by the
shattering process with measured concentrations affected
by up to a factor of 4 when mass-weighted mean sizes were
larger than 3 mm and IWC overestimated by 20 to 30%. No
explicit attempt has been made to correct for these effects
here, but given that the bulk properties are obtained by
matching the IWC derived from the SDs with that measured
by the CVI (see section 3), there is an implicit consideration
in calculation of bulk properties. The 1DC, 2DC and HVPS
or extensions to the 2DC data were thus used to characterize
the SDs of particles with D > 53 mm for ice-phase clouds.

2.3. Derived Bulk Parameters

[21] This section describes how the bulk properties of the
liquid and ice components of clouds were determined. For
both liquid-phase and mixed-phase clouds, the best estimate
of the LWC was the value measured by the King probe. The
total concentration of liquid drops, NTw, was the zeroeth
moment of Nw(D). The effective radius of water droplets,
rew, was the third moment of Nw(D) divided by the second
moment.
[22] Calculations were more complex for bulk ice prop-

erties because ice crystals are not spherical. In mixed-phase
clouds, the IWC could not be estimated as the difference
between the CVI TWC and the King probe LWC. Since
liquid typically dominates the mass of mixed-phase clouds
[Dong and Mace, 2003; McFarquhar and Cober, 2004;
Zuidema et al., 2005], CVI TWC - King LWC thus
represents a small difference between two large numbers
and hence has large fractional uncertainty. In fact, this

difference was negative for 2670 of the 7570 s during M-
PACE. Further, the IWC estimated as CVI TWC - King
LWC and the IWC estimated from Ni(D) assuming varying
mass-diameter relationships [Locatelli and Hobbs, 1974;
Brown and Francis, 1995; Mitchell, 1996; Heymsfield et al.,
2002] were frequently 2 orders of magnitude different,
probably because of the large uncertainty in CVI TWC–
King LWC. In order to include all these points in the
analysis, an alternate procedure for determining IWC was
developed.
[23] The IWC was instead estimated by determining a and

b coefficients minimizing the c2 difference between the
CVI IWC and the IWC derived from Ni(D), given by

IWC ¼
XM

i¼1

aDb
i Ni Dið ÞDDi ð1Þ

where Di is the diameter of the ith size bin with width DDi

and there are M size bins in total. Only 30-s periods
identified as ice were used to minimize c2 in equation (1)
because the difference between the CVI TWC and King
LWC in mixed-phase clouds is not a good estimate of IWC
as explained above. The coefficients derived from the ice-
phase conditions, namely a = 1.07� 10�10 g mm�1.7 and b =
1.7, were then applied to estimate the IWC in mixed-phase
clouds as well, meaning that an implicit assumption was
made that the mixture of ice particle habits and densities did
not vary for ice and mixed-phase clouds. This assumption is
reasonable to first order given that the average AR were
statistically identical for ice and mixed-phase clouds.
Particles with D < 0.125 mm were not used in the
summation in equation (1) because a and b coefficients
appropriate for crystals with D > 0.125 mm frequently give
masses larger than those for spherical equivalent particles
for D < 0.125 mm. Ignoring these particles is reasonable

Figure 5. Average n(D) as function of D for all SDs measured in single-layer clouds for ice-phase,
liquid-phase and mixed-phase conditions. Data are acquired from FSSP, 1DC, 2DC and HVPS as
indicated in legend. For SDs measured on 9 October and the first 10 October flight, fits to 2DC data
rather than HVPS data were used to characterize the curve labeled HVPS because HVPS data were
missing on these dates.
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because they contribute at most 13% to the IWC when the
upper bound of Ni(D) and spherical particles are assumed
for D < 0.125 mm.
[24] For both ice- and mixed-phase clouds, the total

number of ice crystals, NTi, was estimated directly from
Ni(D). The cumulative cross-sectional area (Ac) for ice
particles was given by

Ac ¼
XM

i¼1

XN

j¼1

p
4
ARjD

2
i N Di;ARj

� �
ð2Þ

where ARj corresponds to the area ratio of bin j and
N(Di,ARj) corresponds to the number distribution of ice
crystals (L�1 bin�1) in size bin i and area ratio bin j. The Ac

is a direct measurement of projected area, or in the case of
larger particles occurring on the edges of photodiodes, an
estimate of the reconstructed area [Heymsfield and Parrish,
1978]. For the flight on 9 October and the first flight on
10 October when fits to 2DC data are extended to larger
sizes, the average cross-sectional area of particles in size bin
Di was estimated as cDi

b, where the c and b coefficients
were derived using data acquired on the second flight of
10 October and from 12 October. The effective radius of
ice crystals, rei, was defined following Fu [1996] and
McFarquhar and Heymsfield [1998] as

rei ¼
ffiffiffi
3

p
IWC

3riAc

; ð3Þ

where the bulk density of ice ri was assumed to be 0.91 g
cm�3. For calculations in ice-phase clouds, two separate
estimates of the bulk parameters were made using the lower
and upper bound for contributions of crystals with D <
0.053 mm.

3. Sampling Strategy

[25] The goal of M-PACE was to collect observations to
advance the understanding of the dynamical, microphysical

and radiative processes occurring in mixed-phase clouds
[Verlinde et al., 2007]. During M-PACE, spiral ascents and
descents were flown through mixed-phase clouds by the
UND Citation with the Scaled Composites Proteus aircraft
sometimes remotely sensing cloud properties from above.
Figure 6 shows a flight track flown by the UND Citation on
9 October 2004 between 2010 and 2250 UTC. After
departing Prudhoe Bay (70�120N, 148�280W), the Citation
ascended and descended through cloud in spirals over the
ground-based remote sensing site at Oliktok Point (70�300N,
148�530W). The Citation then traveled about 300 km toward
ARM’s ground-based remote sensing site at Barrow
(71�190N, 156�370W) performing both gradual ascents and
descents between cloud top and base to sample vertical
variability (hereafter called ramped legs), and constant
altitude legs to sample horizontal variability [Poellot and
Brown, 2006]. At Barrow, more spirals were performed
before returning to Oliktok Point above cloud top to sample
ice nuclei.
[26] Similar flight profiles were flown other days during

M-PACE. The macrophysical properties of the clouds were
different for flights conducted between 5 and 8 October
compared to those conducted between 9 and 12 October.
Ground-based remote sensors at Oliktok Point and Barrow
showed that clouds typically occurred in a single vertically
continuous layer for flights between 9 and 12 October,
whereas multiple cloud layers were detected for flights
conducted on and before 8 October. Figure 7 shows an
example of the single-layer stratus sampled on 12 October
using data collected by a cloud detection lidar on the
Proteus as it flew 12 km high racetrack patterns over
Barrow, a level leg between Barrow and Oliktok Point,
and level racetracks over Oliktok Point in coordination with
the Citation. The low-level clouds occurred beneath a clear
sky extending to the tropopause and were optically thick as
the lidar was occulted before reaching the ground. The
strong inversion seen in Figure 1 likely capped the vertical
development of these clouds.
[27] Table 1 lists the time periods, the averaged cloud top

(zt) and base (zb) altitudes, and average cloud top (Tt) and

Figure 6. Flight track flown by the UND Citation on 9 October 2004 between 2010 and 2250 UTC.
Location of ground-based remote sensing sites at Barrow and Oliktok Point are indicated by X and Y,
respectively.
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base temperatures (Tb) for vertical profiles through single-
layer stratus on 9 October, 10 October (2 flights) and
12 October, which includes 26 spirals over Oliktok Point,
10 over Barrow, and 17 ramped ascents and descents
between the two sites. The zb was determined from the
ground-based lidar data at Oliktok Point or Barrow so that
only precipitating ice was beneath zb. For ramped ascents
and descents, zb was estimated as the lowest altitude where
the FSSP had a strongly peaked SD, the peak corresponding
to the nucleation of supercooled drops at cloud base. This
gave an unambiguous zb for all ramped ascents and
descents. Precipitating ice was frequently noted below zb.
[28] Because the lidar was typically occulted before

reaching cloud top, zt was defined as the altitude where
the Citation ascended above cloud. The Citation failed to
reach clear sky above cloud for only 2 of the 17 ramped
legs. For those legs, zt was assumed to be the same as the
preceding leg. Both zb and zt were determined within 50 m,
smaller than the variations caused by horizontal inhomoge-
neities discussed below.
[29] Two caveats are associated with the use of these data

to represent vertical profiles of single-layer arctic clouds.
First, not all profiles were flown from zb to zt because of air
traffic control restrictions, or in some cases, the bases were
too low to safely fly beneath. Second, the ramped legs

covered approximately 22 ± 6 km of horizontal distance on
average and the spirals had diameters of about 5 ± 3 km
meaning cloud horizontal inhomogeneities complicated ob-
served profiles. It is not known whether the inhomogenei-
ties are the same at the 5 km and 22 km scales. To illustrate
these inhomogeneities and the variability of zt even on a
single day, Figure 8 shows the normalized frequency
distribution of zt on 12 October determined using Wang
and Sassen’s [2001] cloud boundary detection algorithm
applied to the lidar data as shown in Figure 7. The zt
averages 1018 m with a standard deviation of 148 m. To
illustrate the inhomogeneities of clouds during the first
flight on 10 October, Figure 9 shows the frequency distri-
bution of Tt determined from a pair of infrared thermom-
eters on the Proteus. The averages and standard deviations
of Tt were �10.9� ± 1.8�C and �12.8� ± 1.7�C derived
from the 8 to 10 mm and 9.6 to 11.5 mm infrared measure-
ments, temperatures for which mixed-phase clouds easily
exist. Despite such inhomogeneities, the large number of
spirals gives unprecedented information on the vertical
structure of mixed-phase boundary layer clouds.

4. Observed Vertical Profiles

4.1. Overview

[30] In this section, the vertical variability of cloud
properties is presented. Data from the second spiral on
10 October are first shown as an example of how cloud

Figure 7. Backscatter intensity measured by cloud detec-
tion lidar on board Scaled Composites Proteus as it flew
12 km high racetrack patterns over Barrow (2138 to
2230 UTC), a straight line leg between Barrow and Oliktok
Point (2230 to 2302 UTC) and racetrack patterns over
Oliktok Point (2302 to 0001 UTC). Blue line above 12 km
indicates position of Proteus; black line at 0 km indicates
ground.

Table 1. Start and Stop Times of All Spirals and Profiles Over and Between Barrow and Oliktok Point,

Together With Average zt, Average zb, and the Average Cloud Top and Base Temperature

Date
Start,
UTC

Stop,
UTC zt, m zb, m Tt, �C Tb, �C

9 Oct 2020:10 2207:20 1238 ± 210 542 ± 98 �14.5 ± 1.3 �10.1 ± 0.1
10 Oct (a) 0010:10 0310:10 1154 ± 142 583 ± 111 �15.0 ± 1.3 �10.6 ± 0.9
10 Oct (b) 2130:30 2245:30 1322 ± 52 745 ± 50 �16.0 ± 0.8 �12.7 ± 0.4
12 Oct 2317:40 2359:30 885 ± 31 420 ± 29 �12.4 ± 1.3 �11.3 ± 0.2

Figure 8. Normalized frequency distribution of zt between
2130 and 0001 UTC on 12 October 2004, the time period
included in Figure 6. The zt were derived using Wang and
Sassen’s [2001] algorithm.
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habits, SDs and bulk parameters varied with altitude. Trends
in how the bulk properties varied with normalized cloud
altitude zn, given by

zn ¼
z� zb

zt � zb
; ð4Þ

are summarized in the next subsection. The zn was
frequently negative because on many days observations
were made in precipitating ice occurring below zb.

Differences noted between spirals conducted on different
days and in different locations are assessed in the final
subsection.

4.2. Variability Observed on Second Flight of
10 October

[31] The spiral conducted over Oliktok Point between
2140 and 2147 UTC on the second flight of 10 October is
used to illustrate one of the profiles, which covered the
range between zb and zt. The zb and zt were 750 m and
1300 m, estimated from the Pacific Northwest National
Laboratory (PNNL) Active Remote Sensing Laboratory
(PARSL) lidar and radar measurements, respectively.
Figure 10 shows representative cloud particles imaged by
the CPI, 2DC and HVPS during this spiral. Drizzle is seen
near cloud top from the circular CPI images, but ice
particles with irregular and rimed shapes are seen from
the larger 2DC and HVPS images. Although the irregular
large crystal images were more frequent near and below
cloud base, they did occur through the cloud, indicating that
water and ice coexisted on a relatively small spatial scale.
The irregular shapes of ice crystals shapes as shown in
Figure 10 are consistent with the study of Korolev et al.
[1999].
[32] Figure 11 shows the SDs measured by the FSSP,

1DC, 2DC and HVPS for the same spiral as a function of
height. The N(D) values represent 30-s averages for the
2DC and HVPS, and 10-s averages for the FSSP and 1DC.
A peak 102 L�1 mm�1 of N(D) at D = 10 mm and 750 m
height corresponds to zb where drops were nucleated. The
FSSPmodal diameter increased with height to approximately
30 mm and N(D) increased up to 5 � 103 L�1 mm�1 near zt
where drops grew by condensation during ascent through
the cloud. The strong peak in the FSSP N(D), together with
the response of the RICE throughout the spiral (figure not
shown), indicates that supercooled water was present

Figure 9. Normalized frequency distribution of cloud top
temperature determined from pair of infrared thermometers
(detection radiation in 8 to 10 mm and 9.6 to 11.5 mm bands)
installed on Proteus. Observations acquired on 9 October
2003 between 1937 and 2220 UTC when the Proteus was
flying in either racetrack patterns over Oliktok Point or
Barrow or level leg in between.

Figure 10. Example of selected (left) HVPS, (middle) 2DC and (right) CPI images acquired for spiral
flown between 2140 and 2147 on 10 October 2004. Smaller spherical images near cloud top (CPI) are
small drizzle or supercooled drops. Larger ice crystal images show dominance of irregular and rimed
crystal shapes.
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throughout this spiral. The 1DC registered high N(D) of
0.5 L�1 mm�1 for 20 < D < 40 mm and N(D) up to 10�1 L�1

mm�1 for 40 < D < 60 mm near zt. Given the circular images
with D of approximately 50 mm observed by the CPI near zt,
there is evidence that the collision-coalescence process may
have occurred near cloud top producing drizzle.
[33] The nonzero N(D) of the 2DC and HVPS in

Figure 11 correspond to the presence of ice as seen by the
nonspherical crystals in Figure 10. The maximum D from
the 2DC increased from 250 mm at 1300 m, to 800 mm at
1000 m and to nearly 1250 mm beneath cloud base at 600 m.
The N(D) from the 2DC also increased with decreasing z
with values of around 10�3 (0) L�1 mm�1 at 1300 m, 5 �
10�3 (10�4) L�1 mm�1 at 1000 m and 10�2 (3 � 10�4) L�1

mm�1 at cloud base around 800 m for D of 200 (1000) mm.
Below cloud base, even larger N(D) of 5 � 10�2 (5 � 10�3)
L�1 mm�1 were observed at 600 m. This corresponds to
precipitating ice as a flat signal from the FSSP and lack of
response from the RICE, indicating that supercooled water
was not present. For larger crystals measured by the HVPS
N(D) values are smaller with a range of between 10�7 and
10�4 L�1 mm�1. Although the HVPS concentrations are
sharply reduced at altitudes near 900 and 1100 m compared
to adjacent altitudes and although there may be a slight
trend toward increasing particle sizes below cloud base, no
strong altitude dependence is seen.
[34] Figure 12 shows how the bulk properties Ni, Nw, rew,

rei, IWC, LWC and fl varied with z for the spiral in
Figure 11. The LWC increased with height while Nw

remained a relatively constant value of 3 � 104 L�1

suggesting the supercooled droplets were nucleated near
cloud base and then grew by condensation throughout the
cloud. The rew increased with z, and values of 14 mm and
modal diameters of 30 mm near zt indicate that the collision-
coalescence process was active. Although IWC varied
throughout cloud, it increased with decreased z up to
0.005 g m�3 near zb and to even larger values of 0.01 g
m�3 corresponding to precipitating ice beneath zb. The fl

had high values close to 1.0 throughout this cloud, but
decreased to lower values beneath. These trends are con-
sistent with the growth of cloud droplets during ascent and
either the fallout of ice generated near the top or the
generation of ice near the base. The supercooled cloud top
temperatures of �16.9�C and low Nw of 3 � 104 L�1

correspond to the Type V conditions delineated by Rangno
and Hobbs [2001], wherein ice number concentrations tend
to exceed background ice nuclei concentrations. Ice forma-
tion under such conditions is further investigated using
numerical modeling studies in Part 2 of this paper [Fridlind
et al., 2007].
[35] Diagrams similar to Figure 11 and Figure 12 were

examined for the other profiles. In general, LWC increased
from zb to peak values between 0.3 and 0.5 g m�3 near zt,
the modal FSSP diameter and rew increased to values near
30 and 15 mm at zt, and IWC was relatively invariant with z
and had typical values around 0.01 g m�3. However, there
were differences between profiles that could not be easily
explained with pockets of lower LWC noted on some
profiles, and significant amounts of ice located near zt on
some legs, showing temporal and spatial inhomogeneities in
cloud microphysical properties existed.
[36] There were also significant variations in cloud mac-

rophysical properties between profiles. For example, for the
ramped ascents and descents on 10 October (first flight), zt
ranged from 1020 m to about 1300 m near Oliktok Point,
while the Citation did not reach that high near Barrow, and
zb values ranged from 480 to 550 m as well. On 10 October
(first flight), zt gradually increased from about 1250 m to
1400 m during the time the profiles were performed over
Barrow. On the other hand, less variability was noted for
profiles on 12 October over Oliktok point when zb and zt
values were nearly constants at 420 m and 900 m, respec-
tively. Thus, in order to better examine the microphysical
variability between profiles a framework for plotting data
from profiles with varying zt and zb was needed, namely

Figure 11. N(D) from FSSP (3 < D < 53 mm), 1DC (20 < D < 640 mm), 2DC (100 < D < 1300 mm) and
HVPS (D > 1300 mm) as function of time and altitude for spiral over Oliktok Point between 2140 and
2147 UTC on 10 October 2004.
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examining the dependence of microphysics properties as a
function of zn. This is considered in the next section.

4.3. Observed Trends in Vertical Variability of Bulk
Parameter

[37] In addition to determining how bulk microphysical
properties varied as a function of zn, it was also necessary to
determine if there were any trends in how the ice particle
habits varied with zn. An automated habit recognition
scheme was applied to the CPI images, with hydrometeors
classified as needles, columns, rosettes, semispheres,
spheres or irregulars on the basis of measures of crystal
morphology such as D, projected area and crystal perimeter.
Figure 13 shows the normalized contribution of these habits
to Ac as a function of zn for all profiles through the single-
layer boundary clouds. For the upper half of the cloud
with zn > 0.5, spherical and semispherical particles with D <
60 mm contributed 80% and 20%, respectively, to Ac, while
other habits, that correspond to ice, contributed almost
nothing to Ac. Thus, even if the semispheres were ice, the
spheres corresponding to supercooled water dominated Ac,
and hence the direct radiative impacts in the upper half of

clouds. For 0 < zn < 0.5, spheres and semispheres made
progressively smaller contributions to Ac with, for example,
combined contributions of less than 60% at zn of 0.2. Bullet
rosettes and irregular ice crystals combined made up be-
tween 50 and 70% of the contributions to Ac near cloud
base, showing that ice was becoming progressively more
important in the bottom half of the cloud. It should also be
noted that many of the crystals identified as rosettes could
be more accurately described as rimed branched crystals
because they did not resemble classical bullet rosettes.
[38] For theprecipitating icebeneathcloudbasewherezn<0,

rosettes and irregular crystals made almost 70% of the
contributions to Ac. The 20% contributions from semi-
spheres correspond to particles with D < 120 mm and are
most likely quasi-spherical ice such as that described by
Nousiainen and McFarquhar [2004]. Crystals with D > 120
mm dominate the contributions to Ac for zn < 0. Thus the
habit recognition scheme shows small circular particles
dominated near cloud top and precipitating ice below cloud
base, which is consistent with the Hobbs and Rangno
[1998] study. Compared to the Korolev et al. [1999] study,
who found irregular ice crystals represented about 98% of

Figure 12. Bulk parameters as a function of height for the spiral on 10 October.
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the images, Figure 13 shows more pristine crystals. Al-
though the habit recognition scheme may have overesti-
mated contributions from these pristine habits, visual
analysis of CPI images showed that some bullet rosettes
were indeed present.
[39] Analysis of other bulk variables shown in Figure 14

yielded trends consistent with single-layer liquid topped
clouds precipitating ice. When defining clouds as locations
where TWC > 0.005 g m�3 instead of where TWC >
0.001 g m�3 as in Figure 14, there were very minor
quantitative differences and no differences in observed
trends. Figure 14a shows how the liquid water fraction, fl =

LWC/(IWC+LWC), varied with zn. For zn > 0.5, fl averaged
0.97 and for 0.0 < zn < 0.5, fl gradually increased from 0.7 to
0.9. Liquid still dominated TWC on average for all zn > 0.0.
The curve fitting of fl on zn can be approximated by a second-
order polynomial fit given by

fl ¼ 0:727þ 0:677zn � 0:443z2n ð5Þ

which is valid for the range 0 < zn < 1. However, there were
a few specific clouds that deviated from the average
represented by equation (5) with ice dominating near cloud
base. Overall, the dominance of liquid water in arctic
mixed-phase clouds is consistent with McFarquhar and

Figure 13. Normalized fractional contribution of different habits to the total measured cross-sectional
area (Ac) as a function of zn derived from all spirals flown through single-layer Arctic stratus on
9 October, 10 October and 12 October. Habit fractions derived from automated habit recognition scheme
applied to CPI data, Ac derived from analysis of CPI images.

Figure 14. Variation of bulk microphysical parameters as function of zn using same data shown in
Figure 13 acquired in single-layer mixed-phase clouds sampled on 9 October, 10 October and 12 October.
Plotted are (a) fl, (b) rew and rei, (c) Dm, and (d) Nw and Ni as function of zn.
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Cober’s [2004] analysis of FIRE ACE data. However, this
work extends their results by showing the vertical
dependence of fl.
[40] Figure 14b shows the dependence of rei and rew on

zn. For the liquid drops, there is a clear increase of rew with
zn from a low value of 6.9 ± 1.8 mm for 0.0 < zn < 0.1 to a
high value of 11.4 ± 2.4 mm for 0.9 < zn < 1.0. The
dependence of rew on zn can be roughly represented by

rew ¼ 6:9þ 5:4zn mm½ 
 ð6Þ

Increases in the average FSSP modal diameter from 10.2 mm
to 24.1 mm (figure not shown) also occurred because of the
condensational growth of supercooled drops throughout
cloud and possibly because of collision-coalescence near
cloud top where drizzle was sometimes detected. The FSSP
measurements with nonzero rew at zn < 0.0 (Figure 14b)
correspond to where LWC > 0.0, which should be above zn =
0.0 This ambiguity is mainly caused by an improperly
identified cloud base due to an offset of the ground-based
lidar from the spiral location or due to uncertainties in
determining where the Citation descended below cloud base
during ramped ascents and descents.
[41] Uncertainties in rei are larger than uncertainties in rew.

Following Fu [1996], rei is proportional to the ratio of IWC
to Aci. Because the uncertainties in IWC are at least a
factor of 2, especially when the HVPS data are missing,
these translate into similar uncertainties in rei. Given that
Appendix A shows that the IWC values from the SDs
typically underestimate those from the CVI in ice-phase
conditions, it is most likely that the rei in Figure 14b was
underestimated. Higher-resolution observations of bulk mass
contents, not available duringM-PACE, would be required to
reduce the uncertainties in rei. The small average rei values of
25.2 ± 3.9 mm are consistent with most of the ice mass being
contained in hydrometeors with D > 1 mm (Figure 3):
the mass-diameter relation m = aDb has an exponent of b =
1.7 meaning the ratio of IWC/Ac, that defines rei [Fu, 1996],
actually decreases as particle size increases.
[42] The correlation of rei with zn was only 0.25 compared

to 0.72 for the correlation of rew with zn. This lack of
correlation of rei on zn is consistent with observations of
patches of ice occurring throughout cloud and represents
average trends. There was a lot of variability between
profiles. For some, like the spiral depicted in Figure 10, a
trend of rei increasing with zn was noted; similar behavior
was seen on other profiles as seen for points corresponding
to zn > 0.7. The lack of dependence of rei on zn is not
necessarily inconsistent with the production of ice near tops
of clouds from collision-coalescence and the continued

growth during sedimentation by riming and condensation.
Provided that the ratio of IWC/Ac remains constant, par-
ticles can grow without an increase in rei [McFarquhar and
Heymsfield, 1998]. Figure 14c shows how the ice crystal
median mass dimension, Dm varies with zn. On average, Dm

increased from 0.92 ± 0.70 mm at zn of 0.8, to 1.9 ± 0.7 mm
at zn of 0.2, and to 2.3 ± 1.0 mm at zn of �0.5 showing that
ice particles indeed grew as they fell through the cloud and
may have experienced growth due to aggregation below
cloud base. This is consistent with the decrease in fl with
decreasing zn illustrated in Figure 14a.
[43] Figure 14d shows how Nw and Ni varied as a

function of zn for the single-layer stratus. Because of
uncertainties in measuring the concentrations of ice crystals
with D < 53 mm, the Ni in ice-phase clouds only corre-
sponds to particle sizes larger than those measured by the
FSSP, namely D > 53 mm. Neither Ni nor Nw exhibited
strong dependences on zn, with correlations of 0.063 and
0.025 respectively. The Ni ranged between 10�1 L�1 and
10 L�1 with an average of 2.8 ± 6.9 L�1 and Nw ranged
between 104 and 105 L�1with an average of 44 ± 31�103 L�1.
The standard deviations were larger than the averages
because some very large Ni and Nw values occurred as seen
in Figure 14d. On average, Nw changed by only 8%
between zn of 0.1 and 0.8 showing that the increase of the
FSSP modal diameter and rew with zn is explained through
condensation and that additional nucleation did not take
place inside the cloud. The decrease in the average Nw that
occurs for zn > 0.8 might be explained by either loss of
droplets through collision-coalescence events or through
cloud top entrainment.
[44] When including contributions from the FSSP in Ni

for ice-phase conditions, the average Ni increased to 0.3 ±
1.8 � 103 L�1 with values as large as 32.4 � 103 L�1 noted
during some spirals. The increase occurred because of the
large concentrations of crystals with D < 53 mm measured
by the FSSP in ice. Such large concentrations may not
correspond to actual small crystal concentrations as the
shattering of large ice crystals on protruding component
of the FSSP may artificially enhance small crystal concen-
trations [e.g., Field et al., 2006]. Because of uncertainties in
determining ice crystal concentrations of D < 53 mm, Part 2
of this study [Fridlind et al., 2007], compares measured and
modeled ice crystal concentrations for D > 53 mm.

4.4. Summary of Vertical Variability Noted on
Different Dates

[45] Table 2 summarizes the average and standard devia-
tions of Ni, Nw, rei, rew, LWC and TWC observed for the 4
different days. Excluding the contributions of ice crystals

Table 2. Ni, Nw, rei, rew, LWC, and TWC Averaged Over All Spirals Flown Through Single-Layer Mixed-Phase

Clouds on 9 October, 10 October, and 12 Octobera

Date LWC, g m�3 IWC, gm�3 rew, mm rei, mm Nw, x10
3 L�1 Ni, L

�1

9 Oct 0.193 ± 0.131 0.025 ± 0.060 9.37 ± 2.23 25.48 ± 1.30 72.21 ± 34.37 5.62 ± 12.10
10 Oct (a) 0.174 ± 0.120 0.015 ± 0.032 9.04 ± 2.41 24.61 ± 2.35 25.74 ± 13.43 1.60 ± 2.40
10 Oct (b) 0.154 ± 0.116 0.006 ± 0.006 10.93 ± 2.57 25.76 ± 5.72 23.00 ± 9.97 2.04 ± 2.06
12 Oct 0.193 ± 0.116 0.006 ± 0.018 9.07 ± 2.29 25.15 ± 7.28 51.73 ± 16.60 2.07 ± 4.97

aStandard deviations correspond to deviations of the average value of each spiral from the average value integrated over all
of the spirals.
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with D < 53 mm, the average Ni values range from a low
value of 1.6 L�1 for the first spiral on 10 October to a high
value of 5.6 L�1 for the spiral on 9 October. No strong
correlation was noted between average Ni and Nw. Howev-
er, the largest average Nw of 72 � 103 L�1 and the largest Ni

of 5.6 L�1 were both recorded on 9 October, whereas lower
Nw values of 26 � 103 and 23 � 103 L�1 and Ni values of
1.6 and 2.0 L�1 were recorded for the first and second
flights on 10 October, respectively.
[46] These Ni are comparable to those previously mea-

sured in arctic mixed-phase stratus clouds. The observations
obtained during M-PACE are similar to the Type V clouds
identified by Rangno and Hobbs [2001]. These clouds
contain larger droplets than the Type IV clouds of Rangno
and Hobbs [2001] that are too thin or have too large
concentrations to support the production of ice. Instead, in
these Type V clouds the droplets attain larger sizes probably
because the lower droplet concentrations are associated with
a dearth of aerosols. This suggests that the higher concen-
trations of ice crystals may have formed from the fragmen-
tation of delicate ice crystals and the freezing of drops.
Fridlind et al. [2007] present a modeling study that explains
these observations by analyzing model simulations that
examine different processes that might explain the persis-
tence of the mixed-phase clouds and the ice crystal produc-
tion mechanisms.

5. Comparison With Past Observations of
Mixed-Phase Clouds

[47] Prior observations of fl as a function of TWC and
temperature have provided a basis for developing large-
scale model parameterizations and for evaluating the results

of model simulations. Representations of fl are also needed
for continuous retrievals of cloud microphysical properties
from ground-based remote sensors at ARM’s NSA and
other surface sites. Thus differences in how fl varies as a
function of TWC and temperature for M-PACE compared to
other observations were characterized.
[48] Figure 15 shows fl derived from M-PACE as a

function of temperature where each point corresponds to a
30-s averaged SD from both the single-layer and multilayer
stratus clouds. The solid line, representing the average fl as
a function of temperature, shows fl increased with decreas-
ing temperature. This occurs because the single-layer clouds
all had a similar structure of a liquid-topped cloud with
increasing fractions of cloud ice near cloud base and
precipitating ice beneath. However, this relationship be-
tween fl and temperature differs from conventional param-
eterization schemes [e.g., Boudala et al., 2004] where fl
increases with increasing temperature. This shows that
conventional parameterization schemes designed to repre-
sent the climatological properties of mixed-phase clouds in
general are not applicable to the M-PACE observations.
This has important implications for the representation of
arctic boundary layer clouds in single-moment parameteri-
zation schemes for large-scale models and for the represen-
tation in remote sensing schemes that require fractions of
liquid water content as input.
[49] Figure 16 shows the frequency distribution of fl for

all data measured in single-layer boundary clouds during M-
PACE. Consistent with McFarquhar and Cober’s [2004]
analysis of FIRE ACE arctic stratus clouds, the clouds are
strongly dominated by the liquid droplets. This is also
consistent with Dong and Mace [2003] and Zuidema et
al.’s [2005] studies of arctic mixed-phase clouds and

Figure 15. fl derived from all 30-s averaged SDs in mixed-phase clouds obtained during profiles
through single-layer Arctic stratus clouds on 9 October, 10 October and 12 October. Solid line represents
average fl as function of temperature. Dashed and dotted lines derived from parameterization scheme of
Boudala et al. [2004] for TWCs of 0.05 and 0.2 g m�3, respectively.
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Korolev et al. [2003] and Cober et al.’s [2001] studies of
mixed-phase clouds in general. Previous studies have sug-
gested that enhanced frequencies of fl would also be noted
for values in the range of 0.0 to 0.2, as there have been
suggestions that few mixed-phase clouds have approximate-
ly equal amounts of water and ice, but rather are dominated
by one or the other phase. The data presented in Figure 15
are not inconsistent with those conclusions. Data collected
beneath cloud base in precipitating ice regions show fl
values near 0, corresponding to the exclusively ice clouds
that must be present by mass continuity since most of the
supercooled water must be glaciated at some stage before
reaching the ground in the form of precipitation. Thus,
although the results of this study are consistent with the
results of previous studies, a significant dependence of the
cloud microphysical quantities on the normalized cloud
depth zn has been developed which can have significant
implications for both the longevity of mixed-phase clouds
and the transfer of radiation.

6. Summary/Conclusions

[50] During M-PACE conducted over the North Slope of
Alaska, the UND Citation was equipped with a full com-
plement of cloud probes for measuring both the size-
resolved and bulk properties of mixed-phase, ice-phase
and liquid-phase clouds. During the 4-day period from 9
to 12 October, the UND Citation completed 53 vertical
profiles through boundary layer arctic roll clouds in a single
vertically continuous layer associated with a low-level
northeasterly flow off of the pack ice that resulted in
persistent low-level clouds under a sharp inversion
[Verlinde et al., 2007]. The cloud top heights over Oliktok
Point and Barrow ranged from 837 to 1505 m and cloud top
temperatures varied from �10.8� to �17.1�C, well within
the range where mixed-phase clouds might occur. Of the
513 30-s average cloud distributions measured during the
53 vertical profiles in single-layer clouds, 71% were col-
lected in mixed-phase conditions, 23% in ice-phase and 6%
in liquid-phase. These data represent the most complete set

of mixed-phase cloud vertical profiles thus far obtained. The
principal conclusions of the study are as follows:
[51] 1. Ice crystals with maximum dimension (D) >

1.3 mm contributed roughly 90% to the ice water content
(IWC) of the mixed-phase clouds and hence need to be
considered when calculating the bulk ice cloud properties.
[52] 2. For the single-layer mixed-phase clouds sampled,

the liquid fraction fl increased with normalized cloud
altitude zn, where zn = 1 at cloud top and zn = 0 at cloud
base, representing liquid-topped clouds precipitating ice.
The variation of fl with zn was expressed as fl = 0.727 +
0.677 zn � 0.443 zn

2 for 0 < zn < 1.
[53] 3. Although IWC was larger on average near zb, ice

was noted to occur in patches throughout cloud depth with
ice being detected near cloud top on some spirals.
[54] 4. The effective radius of the liquid water drops,

rew, increased with zn with the rate of increase represented
by rew = 6.9 + 5.4 zn. The increase of rew with zn was mainly
attributed to condensational growth, with some evidence of
collision-coalescence producing drizzle on some days
since drizzle was detected in 18% of the mixed-phase
observations.
[55] 5. The effective radius of ice crystals, rei, did not

strongly depend on zn with a correlation coefficient of 0.25.
The average rei was 25.2 ± 3.9 mm. However, the median
mass dimension, Dm increased with decreasing zn from 0.9 ±
0.7 mm at zn of 0.8, to 1.9 ± 0.7 mm at zn of 0.2 and 2.3 ±
1.0 mm at zn of �0.5.
[56] 6. The measured cloud droplet concentrations,

Nw, averaged 43.6 ± 30.5 � 103 L�1 and did not
strongly depend on zn. There were variations in Nw for
the 4 different flights, with average values ranging from
23 to 72 � 103 L�1.
[57] 7. Measured ice crystal concentrations for crystals

with D > 53 mm, Ni, ranged from 1.6 to 5.6 L�1 on average
for the 4 different flights, and averaged 2.8 ± 6.9 L�1 in
total. For ice-phase conditions, when including the concen-
trations of crystals with D < 53 mm the average Ni increased
to 0.3 ± 1.8 � 103 L�1 compared to 2.8 ± 6.9 L�1 when not
including the small crystals.
[58] 8. Compared to past parameterizations of mixed-

phase clouds produced from observations of mixed-phase
clouds in diverse geographic locations that show an increase
of fl with temperature, the M-PACE observations showed fl
decreased with temperature from �3� to �12�C. This
shows the need for different representations of arctic
mixed-phase single-layer boundary clouds that have a
strong structure of a liquid-topped cloud with precipitating
ice below.
[59] Consistent with the study of Lawson et al. [2001],

variability in both the horizontal and vertical structure of the
mixed-phase clouds was noted. However, the common
structure of liquid-topped clouds with precipitating ice
below, previously seen by Hobbs and Rangno [1998], was
consistently noted. Compared to Rangno and Hobbs’s
[2001] observations of ice in arctic clouds, the M-PACE
observations were comparable to their Type V clouds with
droplet concentrations less than 100 � 103 L�1, rew greater
than 10 mm and ice crystal concentrations between 10 and
100 L�1. Even if the number concentrations from the FSSP
were not included in the total ice crystal concentrations, this
suggests that the ice concentrations were at or above ice

Figure 16. Normalized frequency distribution of fl for all
mixed-phase clouds sampled during profiles through single-
layer Arctic stratus on 9 October, 10 October and 12
October.
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nucleus concentrations measured during M-PACE [Prenni
et al., 2007], hence suggesting that ice might have been
generated by the fragmentation of crystals and the shattering
of freezing drops [Rangno and Hobbs, 2001]. These in situ
cloud observations, combined with the ground-based re-
mote sensing observations and soundings obtained during
M-PACE were also used in modeling studies to constrain
possible mechanisms of ice formation that might explain the
observations and to test various hypotheses related to the
persistence of mixed-phase clouds. Part 2 [Fridlind et al.,
2007] uses the data presented here to investigate these
issues.
[60] Future studies should also investigate whether the

observations obtained in these single-layer boundary layer
fall clouds are representative of arctic mixed-phase clouds
in general. Zhang et al. [2006] examined the differences
between the properties of the mixed-phase clouds that were
observed to occur in multiple levels for flights conducted
earlier in October 2004 during M-PACE. Future studies
should also concentrate on making observations during the
arctic springtime when the ambient flow brings anthropo-
genic pollutants to the Arctic from Asia and North America,
potentially increasing the numbers of ice nuclei available
that may affect the cloud properties.

Appendix A: Corrections to SDs to Account for
Missing HVPS Data

[61] Figure 3 shows that particles with D > 1.3 mm
contributed roughly 80% to the total mass estimated from
the SD averaged over times on 12 October when both the
2DC and HVPS were working. Since particles with D >
1.3 mm dominated the IWC, they had to be accounted for
when estimating IWC, and hence rei, from the SDs for
flights on 9 and 10 October when the HVPS did not record
data.

[62] Data from flights on 10 and 12 October, when the
HVPS recorded data, were used to derive relationships
between N(D) for D = 2, 4 and 6 mm (hereafter N2, N4

and N6) and the total concentration measured by the 2DC,
N2DC. Figure A1 shows N2, N4 and N6 as a function of
N2DC. Despite the scatter in Figure A1, relationships given
by

log10 N D ¼ xð Þð Þ ¼ ax þ bx log10 N2DCð Þ ðA1Þ

where (ax, bx) = (0.4276, �1.4784), (0.5387, �1.871) and
(0.4138, �2.5909) for x = 2, 4 and 6 mm respectively,
represent the data to some extent as the respective
correlations were given by 0.4213, 0.4362 and 0.3723.
[63] For flights on 9 and 10 October without HVPS data,

the measured N2DC was thus used to estimate N2, N4, and
N6 for each 30 s time period. These three points, together
with the SD measured by the 2DC, were then used to
determine ci and di that minimized the c2 difference with a
logarithmic representation of the SD given by

log N Dð Þð Þ ¼ ci þ di logD: ðA2Þ

It should be noted that this fit procedure gives N(D) for D >
1.3 mm most consistent with the HVPS observations and
IWC observed by the CVI, and does not necessarily
represent N(D) well for D < 1.3 mm. The N2, N4, and N6

needed to be included in the fitting procedure to force the
extrapolated SDs to match patterns observed with HVPS
data.
[64] Although this fitting procedure was only used when

the HVPS did not record data, its use is illustrated using the
average size distribution measured on 10 October when
both the 2DC and HVPS recorded data. This allows an
assessment of the uncertainties associated with the extrap-
olation of the 2DC SDs to larger sizes. Figure A2 shows

Figure A1. Relationship between N (D) for D = 2, 4 and 6 mm (N2, N4 and N6) and total number
concentration measured by the 2DC, N2DC, for flights on 10 October (second flight) and 12 October
when both the HVPS and 2DC recorded data. Each point represents 30 s average.
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the SDs measured by the 2DC and HVPS together with a
fit to the data using the techniques above; the HVPS data
were not used in the fitting procedure. The fit overestimates
N(D) for D > 15 mm, but such particle sizes contributed at
most about 10% to the total mass content. Given the
absence of any data with D > 1.3 mm were used in the
fitting procedure, the representations of the SDs are rea-
sonable.
[65] To further assess the quality of the fit and to

determine the accuracy with which bulk properties can be
predicted from the observed SDs, the bulk masses derived
from the 2DC and fit SDs were compared against those

measured by the CVI. As discussed in section 3, the IWC
was estimated from the SDs assuming the mass of an
individual particle was given by m = aDb with the (a,b)
coefficients selected for each day to minimize the difference
between the CVI mass and than estimated from the SDs.
Figure A3 compares the IWC computed from the SDs
against that observed by the CVI for all 30 s periods when
the cloud phase was identified as ice. The IWC from the
measured/extrapolated SDs was biased high by an average
factor of 0.85 compared to that measured by CVI probe,
with a correlation coefficient of 0.5416. The IWC from the
SDs were most noticeable overestimates for IWC < 0.01 g

Figure A3. IWC estimated from 2DC SDs (D < 1300 mm) and fits (D > 1300 mm) versus IWC
measured by CVI in ice-phase clouds. Data from all 30 s observations identified as ice-phase from single-
layer clouds on 9 and 10 October (first spiral) are included in plot.

Figure A2. Average N(D) measured by 2DC and HVPS on 10 October (second flight) as function of D.
Solid line represents best fit to data obtained using procedure outlined in Appendix A that does not take
into account HVPS data.
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m�3. Hence, although this technique was not ideal for
extending the 2DC SDs to D > 1.3 mm and invoked
additional uncertainties, there was no other reasonable
alternative and the associated errors were reasonable.
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